. ABRO1 localizes to centrosomes. (A) RFP-centrin stably expressing HeLa cells were fixed in cold methanol and stained with anti-ABRO1 (green) antibody and DAPI (blue). (B) Cellular localization of ABRO1 during the cell cycle. HeLa cells were fixed in cold methanol and immunostained for α-tubulin (red) and ABRO1 (green). DNA was stained with DAPI. BRISC localizes at centrosomes, spindle poles, and midbody during mitosis. (C) Localization of exogenous eYFP-MERIT40 during mitosis. Stable HeLa cells expressing eYFP-MERIT40 were fixed and stained with anti-α-tubulin antibody (red) and DAPI (blue). (D) . Representative live-cell images of α-tubulin-mRFP HeLa cells transfected with eYFP-ABRO1. ABRO1 is localized to the centrosome during mitosis, as indicated with white arrows. (E) Expression of BRISC during cell cycle. HeLa cells were synchronized at G1/S by a double thymidine block and released into NOC for the indicated time, and then released out of NOC for the indicated time. Protein samples were analyzed by Western blotting with the indicated antibodies. Cyclin B1 was used as a mitotic index, and actin was used as a loading control. Boxed lanes show the shift band of ABRO1. (F) K-fiber minus ends localization of ABRO1. Control (left) and NUF2 siRNA-transfected (right) HeLa cells were fixed and stained with anti-TPX2 (red) and anti-ABRO1 (green) antibodies. DNA was stained with DAPI. Bars, 5 µm. Figure S3 . BRISC is required for chromosomal microtubule assembly. (A) HeLa cells transfected with GFP-γ-tubulin (shown as pseudo-blue) were incubated with 3 µM NOC for 4 h, washed, incubated in medium without NOC at 37°C for the indicated time periods, and then fixed and immunostained for ABRO1 (shown as pseudo-green), Hec1 (red). ABRO1 initially forms small foci-surrounded kinetochores (indicated by hec1 staining) in the presence of NOC, localized at kinetochores with NOC washout (t = 1 and 10 min) while concentrated at the spindle poles (t = 30 min) as cells enter into metaphase. Bars, 5 µm. The intensity of ABRO1 at kinetochores and centrosomes was quantified and compared as kinetochores/centrosome ratio, shown on the right. (B) Immunofluorescence images of the MT regrowth assay shown in Fig. 3 A. HeLa cells transfected with control, ABRO1, or BRCC36 siRNAs were incubated in NOC for 4 h, washed four times with PBS and once with medium at 0°C for 20 min, incubated in fresh medium at 37°C for the indicated times, and then fixed and immunostained for α-tubulin (red) and γ-tubulin (green). DNA was stained with DAPI (blue). Bars, 5 µm. Error bars show mean ± SD. Figure S5 . BRISC regulates the ubiquitination of NuMA. (A) Whole cellular extracts from FH-ABRO1 stably expressing HeLa cells were subjected to affinity purification with anti-FLAG M2 antibody-coupled beads. The purified protein complex was separated by SDS-PAGE and silver stained, and the bands were retrieved and analyzed by mass spectrometry. (B) NuMA is ubiquitinated via k63 linkage. 293T cells transiently cotransfected with His-tagged NuMA and hemagglutinin-tagged ubiquitin (HA-Ub) or mutant K63 HA-Ub were incubated with 2 µM thymidine for 20 h, and then released into media containing 30 ng/ml NOC for 12 h. Cells were harvested, and His-NuMA was pulled down by Ni-NTA beads under denaturing conditions, followed by immunoblotting with antibodies against NuMA and HA. Asynchronized cells were used as a control. Cyclin B1 was used as a mitotic index. (C) Ubiquitination of NuMA increased upon inhibition of BRISC. 293T cells cotransfected with His-tagged NuMA and HA-Ub were simultaneously treated with control, MERIT40, and BRCC36 siRNAs. Cells were synchronized, and denaturing Ni-NTA pull-down was performed as described above. His-NuMA pull-downs were then analyzed by immunoblotting with the indicated antibodies. (D) Proposed model for the role of BRISC in mitotic spindle assembly. BRISC is required for the bipolar spindle assembly. During NEBD, K63Ub-modified NuMA associates with BRISC and the motor protein dynein. Dynein carries the K63Ub-NuMA in a minus end-directed fashion (black arrow) and deposits it at the K-fiber minus ends with the removal of K63Ub chains from NuMA, catalyzed by active BRISC. Dimeric or oligomeric NuMA complexes and NuMA-dynein complexes in the "spindle pole matrix" are responsible for tethering MT minus ends to the poles. (E) Proposed model for the multipolar spindle formation in BRISC-depleted cells. During nuclear breakdown, K63Ub-modified NuMA is transported to the K-fiber minus ends by dynein, but the dynamic deposition of NuMA is decreased in the absence of BRISC, leading to excessive MT bundling, mediated by NuMA-dynein complexes in the spindle pole matrix (the top enlarged square box), and retention of NuMA aggregates in the peripheral areas distant from the spindle poles (the bottom enlarged square box), which in turn promotes the supernumerary pole formation. Video 1. Time-lapse imaging of dividing control siRNA-treated cells, based on Fig. 2 . H2B-GFP/α-tubulin-mRFP HeLa cells were transfected with control siRNA. Images were analyzed by time-lapse confocal microscopy using a laser-scanning confocal microscope (40× oil objective, Plan-Apochromat, NA 1.4; Eclipse Ti-E; Nikon) 36 h after transfection. Frames were taken every 5 min for 24 h at 37°C. Video 2. Time-lapse imaging of dividing ABRO1-siRNA-treated cells, based on Fig. 2 . H2B-GFP/α-tubulin-mRFP HeLa cells were transfected with ABRO1-siRNA. Images were analyzed by time-lapse confocal microscopy using a laser-scanning confocal microscope (40× oil objective, Plan-Apochromat, NA 1.4; Eclipse Ti-E; Nikon) 36 h after transfection. Frames were taken every 5 min for 24 h at 37°C.
Video 3. Time-lapse imaging of dividing ABRO1-siRNA treated cells, based on Fig. 2 . H2B-GFP/α-tubulin-mRFP HeLa cells were transfected with ABRO1-siRNA. Images were analyzed by time-lapse confocal microscopy using a laser-scanning confocal microscope (40× oil objective, Plan-Apochromat, NA 1.4; Eclipse Ti-E; Nikon) 36 h after transfection. Frames were taken every 5 min for 24 h at 37°C.
Video 4. Time-lapse imaging of dividing ABRO1-depleted cells rescued by CFP-ABRO1res, based on Fig. 2 . H2B-GFP/α-tubulin-mRFP HeLa cells were cotransfected with ABRO1-siRNA and CFP-ABRO1res that is resistant to ABRO1-siRNA. Images were analyzed by time-lapse confocal microscopy using a laser-scanning confocal microscope (40× oil objective, Plan-Apochromat, NA 1.4; Eclipse Ti-E; Nikon) 36 h after transfection. Frames were taken every 5 min for 24 h at 37°C.
Video 5. Time-lapse imaging of dividing control siRNA-treated cells, based on Fig. 5 . H2B-GFP/α-tubulin-mRFP HeLa cells were transfected with control siRNA. Images were analyzed by time-lapse confocal microscopy using a laser-scanning confocal microscope (40× oil objective, Plan-Apochromat, NA 1.4; Eclipse Ti-E; Nikon) 36 h after transfection. Frames were taken every 5 min for 24 h at 37°C.
Video 6. Time-lapse imaging of dividing BRCC36-siRNA-treated cells, based on Fig. 5 . H2B-GFP/α-tubulin-mRFP HeLa cells were transfected with BRCC36-siRNA. Images were analyzed by time-lapse confocal microscopy using a laser-scanning confocal microscope (40× oil objective, Plan-Apochromat, NA 1.4; Eclipse Ti-E; Nikon) 36 h after transfection. Frames were taken every 5 min for 24 h at 37°C. Video 7. Time-lapse imaging of dividing BRCC36-silenced cells rescued by DUB-active CFP-BRCC36res WT, based on Fig. 5 . H2B-GFP/α-tubulin-mRFP HeLa cells were cotransfected with BRCC36-siRNA and CFP-BRCC36res WT plasmids. Images were analyzed by time-lapse confocal microscopy using a laser-scanning confocal microscope (40× oil objective, Plan-Apochromat, NA 1.4; Eclipse Ti-E; Nikon) 36 h after transfection. Frames were taken every 5 min for 24 h at 37°C. Video 8. Time-lapse imaging of dividing BRCC36-silenced cells, which were rescued by DUB-inactive mutant CFP-BRCC36res QSQ, based on Fig. 5 . H2B-GFP/α-tubulin-mRFP HeLa cells were cotransfected with BRCC36-siRNA and CFP-BRCC36res QSQ plasmids. Images were analyzed by time-lapse confocal microscopy using a laser-scanning confocal microscope (40× oil objective, Plan-Apochromat, NA 1.4; Eclipse Ti-E; Nikon) 36 h after transfection. Frames were taken every 5 min for 24 h at 37°C.
Video 9. The localization of eYFP-ABRO1 during mitosis, based on Fig. S2 D. α-tubulin-mRFP HeLa cells were transiently transfected with eYFP-ABRO1 for 48 h. Images were analyzed by time-lapse confocal microscopy using a laser-scanning confocal microscope (40× oil objective, Plan-Apochromat, NA 1.4; Eclipse Ti-E; Nikon). Frames were taken every 5 min for 24 h at 37°C. Table S1 . siRNAs used in this paper siRNA Targeted sequence siControl
5′-UUCUCCGAACGUGUCACGU-3′
siAbro1-1 5′-GGACAGGAUUCUUAAAGAU-3′
siAbro1-2 5′-GGCAGUGUGUGCAGAUGUU-3′
siBRCC36-1 5′-GAGGAAGGACCGAGUAGAA-3′
siBRCC36-2 5′-GCCUUCACAUGUUGAUGUU-3′
siMerit40-1 5′-GCUCUGUAGCUGCCUCUAU-3′
siMerit40-2 5′-GGUCAACUGUCCAGAGAAA-3′ siNUF2 5′-AAGCATGCCGTGAAACGTATA-3′
